dna-dependent protein kinase catalytic subunit (-PKcs) is the core protein involved in the non-homologous end-joining repair of double-strand breaks. in addition, it can form a complex with poly(adP-ribose) polymerase 1 (ParP1), which catalyzes protein Parylation. However, it is unclear how dna-PKcs interacts with ParP1 in the dna damage response and how Parylation affects dna-PK kinase activity. Using immunoprecipitation, immunofluorescence and flow cytometry the present study found that DNA-PKcs was Parylated after dna damage, and the ParP1/2 inhibitor olaparib completely abolished dna-PKcs Parylation. olaparib treatment prevented dna-PKcs protein detachment from chromatin after dna damage and maintained dna-PK activation, as evidenced by dna-PKcs Ser2056 phosphorylation. Furthermore, olaparib treatment synergized with dna-PK inhibition to suppress cell survival. all of the above results are suggestive of the important role of dna-PKcs Parylation in regulating dna-PK activity.
Introduction
dna double-strand breaks (dSBs) are the most harmful type of dna lesions and can affect various processes including cell cycle progression, genomic stability and the induction of tumorigenesis. There are two distinct mechanisms of dna dSB repair: Homologous recombination (Hr) and non-homologous end-joining (nHeJ) (1) . Three major dna damage-activated Pi3K-related serine/threonine protein kinases, dna-protein kinase (-PK), ataxia-telangiectasia mutated (aTM), and aTr serine/threonine kinase (aTr) (2) , participate in repair pathways. The dna-dependent protein kinase catalytic subunit (dna-PKcs) plays an important role during the repair of dna dSBs. The autophosphorylation of dna-PKcs represents the activation of dna-PK and regulates its own dynamics at dna dSBs (3) .
Posttranslational modifications of proteins such as ubiquitination, neddylation, acetylation and polyadP-ribosylation are significant mechanisms that regulate many cellular processes. Parylation plays crucial roles in dna repair, replication, transcription and cell death (4) (5) (6) . The poly(adP-ribosylation) reaction, in which dna-dependent poly(adP-ribose) (Par) is synthesized from nicotinamide mononucleotide (nad) by poly(adP-ribose) polymerases (ParPs) and poly(adP-ribose) glycohydrolase (ParG), regulates the hydrolysis of Par and was discovered in 1963 (7, 8) . after cells are exposed to ionizing radiation, free radicals and alkylating agents, ParP1 binds rapidly to DNA DSB sites, resulting in PAR modification. This process uses nad + as a substrate and leads to the formation of poly(adP-ribose) polymers on target proteins, and intracellular nad + is depleted in this process. However, poly(adP-ribose) has a short half-life in vivo since it is rapidly degraded by ParG (2-5 min after polymer formation) (9) . The ParP family has 16 members, but only ParP1 and ParP2 are closely associated with dSBs (10) . Furthermore, ParP1, a 116 kda protein, contains a dna binding domain, a central auto-modification domain and a C-terminal catalytic domain (11, 12) and has 18 distinct isoforms in humans (13) .
DNA-PKcs PARylation regulates DNA-PK kinase activity in the DNA damage response
ParP1 is more important than ParP2 in dSB repair as ParP1 affects several key Hr factors, including Brca1, exonuclease 1 and Brca2, and acts as a stress sensor and a stress response mediator in biological systems (14) . ParP1 has been reported to mediate Mrn complex recruitment to dSBs in a γ-histone family member 2aX (H2aX)-and mediator of dna damage checkpoint protein 1-independent manner (15) . ParP1 and Mrn together mediate aTM accumulation and the phosphorylation of H2aX, and stabilize the dna damage response factor at the dna damage site (16) . ParP1 substrates include ParP1 itself, histones, dna repair proteins, transcription factors and chromatin modulators (17) . ParP1 poly-adP-ribosylates Brca1, targeting its dna binding domain and reducing its affinity for DNA (18) . DNA-PKcs was previously reported to be modified by iFnγ-induced Parylation (18) . However, it is unclear how ParP1 affects dna-PKcs in the dna damage response. The present study identified the Par modification of dna-PKcs after dna damage. The inhibition of Parylation increases the chromatin binding of dna-PKcs and dna-PKcs Ser2056 phosphorylation, and the synergistic inhibition of Parylation and dna-PK activity suppresses cell survival.
Materials and methods
Cell culture and transfection. Hela cells were purchased from american Type culture collection. These cells were cultivated at 37˚C in a humidified incubator containing 5% co 2 . The cells were grown in dMeM supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), penicillin and streptomycin.
Antibodies and chemicals. The following specific antibodies were used in the present study: Immunoprecipitation and western blotting. neTn buffer 300 [20 mM Tris-Hcl (pH 8.0), 300 mM nacl, 1 mM edTa and 0.5% Nonidet P-40] was used to lyse the cells at 4˚C for 10 min. Then neTn buffer 100 [20 mM Tris-Hcl (pH 8.0), 100 mM nacl, 1 mM EDTA and 0.5% Nonidet P-40] was used to lyse the cells at 4˚C for 5 min. after the removal of the cell debris by centrifugation (12,000 x g for 10 min at 4˚C), the supernatant was collected and incubated with igG (1 µg/ml) and protein a/G (Santa cruz Biotechnology, inc.; 20 µl) with rotation for 1 h at 4˚C for preclearing. Then, the precipitate was removed by centrifugation (12,000 x g for 10 min at 4˚c) and the supernatant was collected and incubated with an antibody against dna-PKcs (1 µg/ml) and protein a/G (Santa cruz Biotechnology, inc.; 40 µl) with rotation overnight at 4˚C. after that, the protein a/G was washed three times with neTn 100 buffer and boiled with 5X SdS loading buffer at 100˚C for 10 min. The samples were then subjected to SdS-PaGe and immunoblotting with specific antibodies.
The concentration was measured using a nanodrop™ 2000C (Thermo Fisher Scientific, Inc.) and 40 µg was loaded per lane on 6% SDS PAG gels. Proteins were transferred to nitrocellulose membranes and blocked with 5% BSA for 1 h at room temperature. Membranes were incubated overnight at 4˚C with the following primary antibodies: DNA-PKcs (1:500) and Par (1:1,000), GaPdH (1:1,000) and histone 3.1 (1:1,000). after washing, membranes were incubated with secondary antibodies (1:3,000) at room temperature for 1 h. The membranes were washed twice and SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, inc.) was uniformly added to the membrane. Bands were visualized using an imageQuant laS 500 and the imageQuant laS 500 1.1.0 software (Ge Healthcare life Sciences).
For chromatin fractionation, Hela cells were lysed with neTn 100 buffer [20 mM Tris-Hcl (pH 8.0), 100 mM nacl, 1 mM EDTA, and 0.5% Nonidet P-40] for 30 min on ice. The soluble fractions were then collected after centrifugation at 12,000 x g for 10 min at 4˚C, and the pellets were washed twice with PBS and once with ddH 2 o. Then, they were treated with 0.2 M Hcl to release histones and chromatin-bound proteins, which were then neutralized with 1 M Tris-Hcl (pH 8.5). Both fractions were subjected to electrophoresis and western blotting as aforementioned, and probed with antibodies as indicated.
Immunofluorescence. Hela cells (8.8x10 6 ) were irradiated with the indicated doses of irradiation (ir). after incubation for 0, 1, 2, 4 and 8 h, the cells were fixed in 4% paraformaldehyde at room temperature for 30 min and permeabilized with 0.3% Triton X-100 in 1X PBS for 30 min at room temperature. After blocking nonspecific antibody binding sites with 3% BSa in 1X PBS, the cells were incubated with dna-PKcs S2056 (1:100) and γ-H2aX (1:100) at room temperature for 60 min. Then, cells were washed with 1X PBS three times and incubated with a secondary antibodies (1:400; alexa Flour ® 488 goat anti-mouse igG and alexa Flour ® 568 goat anti-rabbit igG) in the dark at room temperature for 60 min. Then, the slides were washed three times with 1X PBS and the cells were stained for 10 min at room temperature with daPi to visualize nuclear dna. coverslips were placed on glass slides with anti-fade solution, and the results were visualized using a ZEISS fluorescence microscope.
Cell colony formation assay. Hela cells were seeded in 35 mm dishes at different cell concentrations as indicated and allowed to attach. Then, different concentrations of olaparib (1 and 10 µM) were added, and dMSo was used as a control, for 1 h at 37˚C. after drug treatment, the cells were treated with different irradiation doses (0, 0.5, 1, 2, 4 and 8 Gy). The cells were cultured at 37˚C in a humidified incubator in an atmosphere containing 5% CO 2 , and were grown in dMeM supplemented with 10% FBS, penicillin, streptomycin and olaparib. The cells were maintained for 10-14 days. only colonies containing ≥50 cells were scored.
Cell proliferation assay. Hela cells in the logarithmic growth phase (5x10 4 cells/ml) were prepared as cell suspensions and seeded into 6-well cell culture plates (3 ml/dish; n=3). after the cells had attached, different inhibitors [dMSo, nu7441 (5 µM), olaparib (10 µM), and olaparib (10 µM) + nu7441 (5 µM)] were added to the culture for 1 h at 37˚C, an equal volume of DMSO was used as the control. The number of cells on the 1st, 2nd, 3rd, 4th, 5th and 6th days was determined using flow cytometry. Briefly, cells were collected using 0.25% trypsin and the total number of cells in the cell suspension was directly measured by flow cytometry (NovoCyte; ACEA Biosciences, Inc.) and the novoexpress 1.3.0 software (acea Biosciences, inc.).
NHEJ assay. Before transfection, a nHeJ-GFP plasmid was digested with Hindiii enzyme overnight at 37˚c and recovered using axyPrep dna Gel extraction kit (axygen; corning, inc.), according to the manufacturer's instructions. The cells were transfected with 1 µg of pcherry and 1 µg of the digested nHeJ-GFP plasmid (gifts from dr Zhenkun lou; division of oncology research, Mayo clinic, uSa) and mixed with 5 µl of lipofectamine 2000™ (Invitrogen; Thermo Fisher Scientific, inc.), as described previously (18) . Following 6 h, the culture medium of the transfected cells was replaced with medium containing olaparib (10 µM) or nu7441 (5 µM) and further cultured for 20 h at 37˚C. The cells were trypsinized (0.25%) and resuspended in PBS. The cellular fluorescence was measured by flow cytometry analysis as previously described (19) .
HR assay. Hela cells (3x10 5 ) were pretreated with nu7441 (5 µM) or olaparib (10 µM) for 1 h at 37˚C. Then, they were transfected with a single copy of a dr-GFP, i-Scei expression plasmid and with a pcherry plasmid used as a transfection efficiency control (gifts from Dr Zhenkun Lou; Division of oncology research, Mayo clinic, uSa) (19) . The cells were harvested 3 days after transfection and subjected to flow cytometry analysis (novocyte; acea Biosciences, inc.) and the novoexpress 1.3.0 software (acea Biosciences, inc.), as previously described (19) ; the GFP-positive cell population was measured. The mean values were obtained from three independent experiments. little variation was observed among the three independent experiments. in addition, cell viability was also examined before transfection under a microscope using trypan blue staining for 30 min at room temperature. all of the groups exhibited >90% viability.
Cell synchronization and cell cycle analysis. Hela cells (3x10 5 ) were incubated with 2 mM thymidine for 17 h at 37˚C, cultured in fresh medium for 10 h, and then treated with thymidine again for a further 13 h. The cells were collected at different times (S phase, 4.5 h; G2/M phase 8 h; G0/G1 phase, 14 h) after release for cell cycle analysis and western blotting, as aforementioned. The cells were washed with prechilled PBS, treated with 100 µg/ml rnase in PBS and stained with 10 µg/ml propidium iodide for 10 min at room temperature. The cell cycle was analyzed using a flow cytometer (NovoCyte; acea Biosciences, inc.) and the novoexpress 1.3.0 software (acea Biosciences, inc.).
Statistical analysis. Statistical analyses were conducted using SPSS version 23.0 (IBM Corp.). The statistical significance analysis of the experimental data was performed by t-test for two group comparisons or anoVa followed by dunnett's post hoc test for multiple group comparison. P<0.01 was considered to indicate a statistically significant difference.
Results

DNA-PKcs is modified by PARylation after DNA damage.
Since dna-PKcs interacts with ParP1, it is possible that dna-PKcs is the substrate of ParP1. To test if dna-PKcs can be modified by PARylation, the present study examined the dna-PKcs Parylation status by immunoprecipitation. First, endogenous dna-PKcs was immunoprecipitated from cells after treatment with different doses of ir. The results revealed that dna-PKcs Parylation increased as the ir dose increased (Fig. 1a ). next, dna-PKcs was immunoprecipitated by a Par antibody iP, and ir treatment increased the amount of dna-PKcs pulled down (Fig. 1B) . These results suggest that dna-PKcs Parylation is induced by ir. The present study also investigated dna-PKcs Parylation in different phases of the cell cycle. When the cells were synchronized in the G1, S, and G2 phases, either Par iP or dna-PKcs iP was performed. The results indicated that more dna-PKcs Parylation was seen in the S phase ( Fig. S1 ). Furthermore, when the ParP1/2 inhibitor olaparib was administered to the cells, dna-PKcs Parylation was reduced at a concentration of 1 µM and abolished at a concentration of 10 µM (Fig. 1c ). Since olaparib cannot distinguish between ParP1 and ParP2, the effects of the specific PARP1 inhibitor NMS-P118 and the ParP2 inhibitor uPF1069 on dna-PKcs Parylation were evaluated. The results revealed that both ParP1 and ParP2 are required for DNA-PKcs PARylation (Fig. S2a ), suggesting the redundant roles of ParP1 and ParP2, as previously reported (20) .
next, the present study explored if dna-PKcs Parylation can affect the dna-PKcs/Ku70/Ku80 complex. Since the dna-PKcs/Ku70/Ku80 complex binds dna ends and is activated by broken dna ends (21) , the chromatin fraction content of the complex after olaparib treatment was examined. The results demonstrated that all three proteins were retained on chromatin (Fig. 1d) . These results indicate that overall Parylation inhibition activates the dna-PK complex and that dna-PKcs Parylation can suppress dna-PK activity.
Olaparib treatment increases DNA-PKcs phosphorylation.
dna-PKcs phosphorylation is critical for dna-PK activity and nHeJ repair (22) . To test if the inhibition of dna-PKcs Parylation by olaparib can affect dna-PK activity, the present study compared dna-PKcs Ser2056 and Thr 2609 phosphorylation with and without olaparib treatment. The results showed that dna-PKcs Ser2056 phosphorylation increased while dna-PKcs Thr 2609 phosphorylation did not change ( Fig. 2a  and B) . These results indicate that olaparib treatment promotes dna-PK activity through both the inhibition of dna-PKcs Parylation and the induction of dna damage. likewise, treatment with both the ParP1 inhibitor nMS-P118 and the ParP2 inhibitor uPF1069 increased dna-PKcs Ser2056 phosphorylation (Fig. S2B) . Similar results were observed by immunofluorescence staining. DNA-PKcs Ser2056 increased more in the inhibitor-treated groups when compared with the dMSo group and was accompanied by increased γ-H2aX foci (Fig. 2c-e ).
Olaparib treatment results in enhanced NHEJ repair. Based on the above findings, one can deduce that Parylation regulates dna-PKcs Ser2056 phosphorylation. dna-PKcs Ser2056 phosphorylation is critical for dna-PK activity and dna-PKcs conformation (23). Since dna-PK is the initiator of nHeJ repair, the present study explored nHeJ activity after olaparib treatment. The nHeJ reporter assay indicated that NHEJ repair was significantly boosted after olaparib treatment, while nu7441, as a control, inhibited nHeJ. Furthermore, Hr repair was inhibited, suggesting that olaparib treatment can directly induce dna-PK activation ( Fig. 3) .
Olaparib increases the radiosensitivity of cells. Sustained dna-PK activation can hinder the completion of nHeJ and threaten cell survival (24) . Therefore, the present study sought to determine if olaparib can increase the radiosensitivity of cells, which was tested by cell colony formation experiments. The results showed that 1 µM olaparib sensitized the cells to different doses of ionizing radiation (Figs. 4a, and S3a and B) .
nu7441 is an inhibitor of the kinase activity of dna-PKcs; thus, the simultaneous inhibition of dna-PKcs kinase activity and Parylation may have an effect on cell clonogenic formation. The results showed that, when used together, olaparib and NU7441 more significantly reduced cell survival than treatment with olaparib alone (Fig. 4B ).
in addition, cell proliferation was also examined after either olaparib or nu7441 treatment or a combination of both inhibitors. as indicated in Fig. 4c , both olaparib and nu7441 decreased the cell proliferation rate.
The present study demonstrates a model for dna-PKcs Parylation and how Parylation affects dna-PKcs activity (Fig. 5 ). Both dna-PKcs kinase activity and Parylation are important regulators of radiosensitivity.
Discussion
dna-PKcs forms a complex with ParP1 (25) , and dna-PKcs is Parylated by ParP-1 in an iFn-γ-and p53-dependent manner (18) . The present study reports that dna-PKcs is Parylated after dna damage and that Parylation inhibition causes enhanced dna-PKcs autophosphorylation and nHeJ repair. Our findings therefore link DNA-PKcs PARylation to DNA damage and substantiates the role of ParP1 in nHeJ repair.
The dna-PK complex initiates nHeJ by binding broken dna ends and phosphorylates downstream nHeJ factors (26) . according to a previous study, dna-PKcs T2609 is involved in the dna damage response and phosphorylated by aTM. However, dna-PKcs T2609 is not essential for nHeJ repair (27) . dna-PKcs S2056 is critical for the dna-PKcs function in nHeJ. dna-PKcs Ser2056 autophosphorylation is critical for dna-PKcs detachment from dSB sites and the completion of nHeJ (28) . Based on the present results, dna-PKcs Parylation can retain dna-PKcs on chromatin and cause the continuous activation of dna-PK. The aberrant activation of dna-PK can block other repair factors from chromatin and hinder the completion of nHeJ repair. on the other hand, olaparib treatment can cause dna damage since Hr is repressed. PARylation is possibly required for DNA-PKcs detachment from chromatin and kinase deactivation. dna-PK deactivation leads to deficiencies of the NHEJ pathway (28) but may be crucial for successful Hr repair. ParP1 is the major enzyme of the ParP family responsible for Parylation (11, 29) . it is unknown whether other accessory factors also account for Parylation. The present results also indicated the redundant role of ParP1 in dna-PKcs Parylation. TrprS has been reported as one of the 10 class i trna synthetases that act as bridging proteins between dna-PKcs and ParP1 (18) . We previously found that tankyrase 1 binding protein 1 (TnKS1BP1) functions in dna dSB repair by facilitating ParP-1-dependent dna-PKcs autophosphorylation (30) . it would be of interest to determine whether TnKS1BP1 functions as the bridging protein for dna-PKcs and ParP1 in dna damage-induced dna-PKcs Parylation.
dna-PKcs Parylation can alter kinase activity, but the detailed mechanisms are not understood. Structural analysis is needed to determine the conformational changes after dna-PKcs Parylation. in a study by Sajish et al (18) the dna-PKcs/Ku70/80/ParP-1 complex, which forms in the presence of damaged dna, and the dna-PKcs/TrprS/ParP-1 complex were mutually exclusive. it is plausible that the dna-PKcs/Ku70/80/ParP-1 and dna-PKcs/TnKS1BP1/ParP-1 complexes are mutually exclusive too (18) . However, it is notable that TnKS1BP1 promotes dna-PKcs autophosphorylation while dna-PKcs Parylation may suppress dna-PKcs autophosphorylation.
How dna-PKcs Parylation suppresses its autophosphorylation remains unknown. it is known that serine is the major site for protein Parylation (31) . Therefore, it is possible that the conventional dna-PKcs autophosphorylation sites are also Parylation sites. The interaction between autophosphorylation and Parylation may be an important mechanism of nHeJ repair completion. olaparib increases the radiation sensitivity of cells through the activation of dna-PK, thereby providing a possible future treatment for cancer.
In conclusion, DNA-PKcs PARylation is a newly identified player in regulating NHEJ repair. It may answer the question of how nHeJ is completed and how the choice between Hr and nHeJ repair is made.
